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The Arctic cryosphere is an integral part of Earth’s climate sys-tem and has undergone unprecedented changes within the past few decades. Rapid warming and sea-ice loss has had 
significant impacts locally, particularly in late summer and early 
autumn. September sea ice has declined at a rate of 12.4% per dec-
ade since 1979 (ref. 1), so that by summer 2012, nearly half of the 
areal coverage had disappeared. This decrease in ice extent has been 
accompanied by an approximately 1.8 m (40%) decrease in mean 
winter ice thickness since 1980 (ref. 2) and a 75–80% loss in volume3.
Though sea-ice loss has received most of the research and media 
attention, snow cover in spring and summer has decreased at an 
even greater rate than sea ice. June snow cover alone has decreased 
at nearly double the rate of September sea ice4. The decrease in 
spring snow cover has contributed to both the rise in warm season 
surface temperatures over the Northern Hemisphere extratropical 
landmasses and the decrease in summer Arctic sea ice5. The com-
bined rapid loss of sea ice and snow cover in the spring and sum-
mer has played a role in amplifying Arctic warming. However, snow 
cover and sea-ice trends diverge in the autumn and winter with 
sea ice decreasing in all months while snow cover has exhibited a 
neutral to positive trend in autumn and winter6.
Climate change and Arctic amplification
While the global-mean surface temperature has unequivocally risen 
over the instrumental record7, spatial heterogeneity of this warming 
plays an important role in the resulting climate impacts. In particu-
lar, the near-surface of the Northern Hemisphere high latitudes are 
warming at rates double that of lower latitudes8–10. This observed 
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phenomenon (Figs 1 and 2a,b) is termed polar or Arctic amplifica-
tion. Arctic amplification occurs in all seasons, but is strongest in 
autumn and winter. It is also a consistent feature in coupled climate 
model simulations of the recent past and future projections forced 
with increased greenhouse-gas concentrations11,12. Several pro-
cesses are thought to contribute to Arctic amplification, including 
local radiative effects from increased greenhouse-gas forcing12,13, 
changes in the snow- and ice-albedo feedback induced by a dimin-
ishing cryosphere14–16, aerosol concentration changes and deposits 
of black carbon on snow and ice surfaces17, changes in Arctic cloud 
cover and water vapour content18,19, and a relatively smaller increase 
in emission of longwave radiation to space in the Arctic compared 
with the tropics for the same temperature increase20. In addition 
to these local drivers of Arctic amplification, Arctic temperature 
change is sensitive to variations in the poleward transport of heat 
and moisture into the Arctic from lower latitudes16,21.
Rapid Arctic warming has been accompanied by extensive loss 
of sea ice9. Arctic sea ice strongly modulates near-surface conditions 
at high latitudes, which then influences regional and, potentially, 
remote climate. Because open water has a much lower albedo than 
ice, more sunlight is absorbed at the ocean surface, where sea ice has 
recently receded in the Arctic. More absorbed energy has resulted 
in 4–5 °C sea surface temperature anomalies in these newly ice-free 
regions22. However, during autumn when the air cools to tempera-
tures lower than the ocean surface, the excess heat absorbed during 
summer is transferred from the ocean to the atmosphere via radia-
tive and turbulent fluxes, which strongly warms the lower Arctic 
troposphere. The additional heat in the system slows the formation 
1Atmospheric and Environmental Research, Inc., Lexington, Massachusetts 02421, USA, 2College of Engineering, Mathematics and Physical Sciences, 
University of Exeter, Exeter, Devon EX4 4QF, UK, 3Department of Environmental, Earth, and Atmospheric Sciences, University of Massachusetts Lowell, 
Lowell, Massachusetts 01854, USA, 4The Climate Change Initiative, University of Massachusetts Lowell, Lowell, Massachusetts 01854, USA, 5Department 
of Civil and Environmental Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts, 02139, USA, 6Potsdam Institute for Climate 
Impact Research — Earth System Analysis, 14412 Potsdam, Germany, 7Institute for Marine and Coastal Sciences, Rutgers University, New Brunswick, 
New Jersey 08901, USA, 8Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, AWI Potsdam 14473, Germany, 9Pacific Marine 
Environmental Laboratory, Seattle, Washington 98115, USA. *e-mail: jcohen@aer.com
REVIEW ARTICLE
PUBLISHED ONLINE: 17 AUGUST 2014 | DOI: 10.1038/NGEO2234
© 2014 Macmillan Publishers Limited. All rights reserved
2 NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience
of sea ice through winter, both in extent and, especially, thick-
ness23,24. Hence, winter sea ice has thinned2, enabling easier melting, 
fracturing and/or mobility of the ice cover. The increased fraction of 
open water in winter generates warmer, moister air masses over the 
Arctic Ocean and nearby continents15,25, weakening the meridional 
near-surface temperature gradient. Therefore, these feedbacks indi-
cate that observed Arctic sea-ice loss acts as both a response to and 
a driver of Arctic amplification.
Mid-latitude extreme weather
A large number of extreme heat and rainfall events have been 
reported over the past decade, especially in the Northern Hemisphere 
mid-latitudes26–31. Figure 3 illustrates that several standard extreme 
temperature and precipitation indices have increased in frequency 
and intensity over mid-latitude land areas (20–50°  N) with espe-
cially rapid changes since the 1990s. For example, the amount of 
precipitation on very wet days (exceeding the 95th percentile) has 
increased from 160 to 185 mm, and the percentage of warm days 
(exceeding the 90th percentile) has increased from 10% before 1980 
to 16% at present32.
Extreme weather has not been limited to heavy rainfall and warm 
temperatures and recently has included cold extremes as well. Winter 
temperatures have generally warmed since 1960 (Fig. 2a), and the fre-
quency of anomalously cold winter days has decreased over mid-to-
high latitudes, but primarily north of 50° N, since 1979 in response to 
mean warming and decreased variability33. However, also evident in 
Fig. 3d,f is that the number of days continuously below freezing has 
increased and the minimum temperatures have decreased since 1990. 
Figure 3h also indicates that the frequency of unusually cold winter 
months (colder than two standard deviations below the 1951–1980 
mean30) had reversed its longer-term downward trend by the end of 
the 1990s. This trend reversal in cold extremes has coincided with an 
acceleration in the rate of warming at high latitudes relative to the rest 
of the Northern Hemisphere starting approximately in 1990 (Fig. 2b). 
As seen in Fig. 2c, continental winter temperature trends since 1990 
exhibit cooling over the mid-latitudes, replacing the warming trends 
observed over the longer period since 1960 (Fig. 2a). The winter tem-
perature trends shown in Fig. 2c start in 1990 but are not sensitive to 
the exact start date. However, on average, daily winter cold extremes 
were less severe over this period than they have been historically33. 
The rapid Arctic warming implies that cold air outbreaks, when Arctic 
air moves south into the mid-latitudes, are becoming less severe33.
The seven years between 2007 and 2013 have exhibited the low-
est minimum sea-ice extents recorded in September since satellite 
observations began, with an all-time record low in 2007 followed by 
another in 2012, when sea-ice extent fell below 4 million km2 for the 
first time in the observational record. Several of these seven winters 
following the low sea-ice minima have been unusually cold across 
the Northern Hemisphere extratropical landmasses34–38. The recent 
winter of 2013–2014 was characterized by record cold and wide-
spread snowstorms across the eastern United States and Canada 
with the most intense cold-air outbreak in decades associated with 
the weakening of the polar vortex39. The persistent and harsh cold 
resulted in all-time record cold winters around the Great Lakes of 
the United States since record keeping began in the 1870s.
The media and public have been quick to make the connection 
between global, and in particular Arctic, warming and extreme 
weather40. While global warming theory is consistent with record 
warm temperatures and more intense precipitation events, it does 
not directly explain cold extremes. Coupled models project boreal 
winter amplification under greenhouse-gas forcing, where the 
Northern Hemisphere landmasses would warm faster in winter rel-
ative to the other seasons11,41. Warming in the Arctic has continued 
unabated since at least 1960. Longer-term observed temperature 
trends in mid-latitudes are consistent with these projections, while 
shorter-term trends are not. This highlights that results are sensi-
tive to the spatial extent of the analysis, the exact definition used 
and especially the duration of an extreme, as extremes of differing 
durations may be driven by different physical processes.
While cold extremes may be mostly due to natural variability, a 
growing number of recent studies argue that recent extreme winter 
weather is related to Arctic amplification. Three possible dynamical 
pathways through which Arctic amplification may influence mid-
latitude weather, including extreme weather, are summarized below. 
We focus our discussion on Arctic linkages to mid-latitude weather 
in the winter season for two reasons. First, most studies that have 
linked Arctic amplification to mid-latitude weather have focused 
on winter (a brief discussion of proposed linkages in other seasons, 
mainly summer, is provided in the Supplementary Information). 
Second, winter is the season in which mid-latitude temperature 
trends have diverged most notably from both model projections 
and from the other seasons42. To provide a focused review, we limit 
our consideration to the literature concerning recent past (mid-
twentieth century onwards) and present-day climate variability and 
trends. The implications of projected future Arctic amplification 
(for example, at the end of the twenty-first century) are likely large 
and wide ranging, but are not considered here.
Arctic amplification influences and uncertainties
Whether to attribute severe winter weather to Arctic amplifica-
tion or natural variability has emerged as a major debate among 
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Figure 1 | Polar amplification of temperature trends, 1979–2014. Zonally 
averaged temperature trends averaged around circles of latitude for 
a, winter (December–February), b, spring (March–May), c, summer 
(June–August) and d, autumn (September–November). Trends are based 
on ERA-Interim reanalysis data95 from March 1979 to February 2014. 
The black contours indicate where trends differ significantly from zero at 
the 99% (solid lines) and 95% (dotted lines) confidence levels. The line 
graphs show trends (same units as in colour plots) averaged over the lower 
part of the atmosphere (950–1,000 hPa; solid lines) and over the entire 
atmospheric column (300–1,000 hPa; dotted lines)9.
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scientists43–45. In the observations, Arctic amplification has 
separated from the noise of natural variability only in the past 
approximately two decades (Fig.  2b), presenting a challenge for 
the detection of robust atmospheric responses to Arctic ampli-
fication, including mid-latitude weather, over such a short time 
period. In addition to the relatively short length of the observa-
tional record, the Arctic is poorly sampled. A major caveat of any 
observational study is that correlation alone cannot demonstrate a 
causal link. Cause and effect can be established through sensitiv-
ity or perturbation studies using climate models, but models are 
subject to their own deficiencies. Known model errors include 
sea-ice–atmosphere coupling46,47, energy fluxes and cloud proper-
ties47. Furthermore, modelling studies of the effects of sea-ice loss 
on large-scale atmospheric circulation have produced conflict-
ing results that make interpretation difficult. Finally, our under-
standing of fundamental driving forces of mid-latitude weather 
is incomplete48.
Given these sources of uncertainty, a consensus on whether and 
how Arctic amplification is influencing mid-latitude weather is 
lacking. To facilitate advancement on this important issue, there-
fore, we synthesize key findings that argue for and against a signifi-
cant link between Arctic amplification and mid-latitude weather. 
All studies agree that the first order impact of sea-ice melt is to 
modify the boundary layer in the Arctic15,25. However, if and how 
that signal propagates out of the Arctic to mid-latitudes differs 
and can be loosely grouped under three broad dynamical frame-
works: (1) changes in storm tracks mainly in the North Atlantic 
sector; (2) changes in the characteristics of the jet stream; and (3) 
regional changes in the tropospheric circulation that trigger anom-
alous planetary wave configurations. In Fig. 4, we show the known 
primary influences on mid-latitude weather, including the three 
dynamical pathways introduced above and described in more detail 
in the following sections. We recognize that these three pathways 
are not distinct as they involve dynamical features of the atmos-
pheric circulation that are highly interconnected. Whilst imperfect, 
our choice of this separation reflects the different dynamical frame-
works that are commonly used — if not explicitly acknowledged — 
to study the dynamics of mid-latitude weather.
Figure 2 | Winter temperature trends since 1960 and over the most recent period from 1990. a, Right: linear trend (°C per 10 years) in December–
February (DJF) mean surface air temperatures from 1960–1961 to 2013–2014. Shading interval every 0.1 °C per 10 years. Dark grey indicates points with 
insufficient samples to calculate a trend. Left: The zonally averaged linear trend (°C per 10 years). b, Area-average surface temperature anomalies (°C) 
from 0° to 60° N (solid black line) and 60° to 90° N (solid red line) along with five-year smoothing (dashed black and red lines, respectively). c, As in 
panel a but from 1960–1961 to 2013–2014. Shading interval every 0.2 °C per 10 years. Also note different scales between a and c. Data from the National 
Aeronautics and Space Administration Goddard Institute for Space Studies temperature analysis (http://data.giss.nasa.gov/gistemp)96.
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Storm tracks
Large-scale and low-frequency variability in the extratropical 
atmosphere is dominated by shifts in storm tracks, often expressed 
by changes in large-scale atmospheric modes49. The dominant 
atmospheric or climate mode that explains the greatest percent-
age of the mid- to high-latitude atmospheric variability, including 
changes in the storm tracks, is the North Atlantic Oscillation/Arctic 
Oscillation (NAO/AO). Changes in the storm tracks associated with 
the NAO/AO have a strong influence on the surface temperature 
and precipitation variability in the North Atlantic sector50. When 
the NAO/AO is in its positive phase, the storm tracks shift poleward 
and winters are predominately mild across northern Eurasia and the 
eastern United States but cold in the Arctic. When the NAO/AO is 
in its negative phase, the storm tracks shift equatorward and win-
ters are predominantly more severe across northern Eurasia and the 
eastern United States, but relatively mild in the Arctic. This tem-
perature pattern is sometimes referred to as the ‘warm Arctic–cold 
continents’ pattern51. Recent observed wintertime temperature 
trends across the Northern Hemisphere continents (Fig.  2c) pro-
ject strongly on this temperature-anomaly pattern37, reflecting a 
negative trend in the NAO/AO over the past two decades37. Given 
that climate models forced by regional and latitudinal variations in 
atmospheric heating also exhibit changes in the NAO/AO50,52, it is 
plausible that variability in sea ice and/or snow cover can influence 
the phase and amplitude of the NAO/AO, and consequently the 
storm tracks. 
The temperature pattern associated with variations in Eurasian 
snow cover projects strongly onto the temperature pattern associ-
ated with the NAO/AO and recent temperature trends34,37,53. October 
snow cover anomalies across Eurasia have been proposed as a skilful 
Figure 3 | Temperature and precipitation extremes. Extreme indices in the mid-latitudes: trend maps for the 1951–2013 period and time series averaged 
over the land area from 20° to 50° N. a, Trend in annual total wet-day precipitation. b, Annual very wet-day precipitation (that is, precipitation during days 
exceeding the 95th percentile). c, Trend in annual very wet-day precipitation (that is, precipitation during days exceeding the 95th percentile). d, Coldest 
daily minimum temperature. e, Trend in annual warm days (that is, percentage of days with temperatures exceeding the 90th percentile). f, Annual 
number of icing days (days with maximum temperature <0 °C). g, Percentage of land with summer months warmer than one standard deviation (solid) 
and two standard deviations (dashed) above the 1951–1980 mean. h, Percentage of land with winter months colder than one standard deviation (solid) and 
two standard deviations (dashed) below the 1951–1980 mean30. Stippling in the trend maps indicates significance at 95% confidence. The time series plot 
yearly values (thin grey curves) and the long-term nonlinear trend (thick black curves). Panels a–f were created using the GHCNDEX global land gridded 
dataset of climate extremes32 and definition of the extreme indices32.
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predictor of the winter NAO/AO54,55, where extensive snow cover 
is associated with the negative phase of the NAO/AO, though the 
relationship may lack stationarity56. Satellite-based data indicate 
a positive trend in Eurasian snow cover during October over the 
past two to three decades6,37, though the veracity of these satellite-
based increases has recently been questioned57. A proposed physi-
cal mechanism to explain increased snow cover is that a warmer 
Arctic atmosphere can hold more water vapour, which enhances 
precipitation over the Eurasian continent. Additionally, the loss of 
sea ice — and thus the increase in open water — has increased mois-
ture fluxes to the atmosphere9. If near-surface atmospheric temper-
atures remain sufficiently cold — as is the case in Siberia during 
autumn and winter — any additional precipitation will likely occur 
as snow58,59. Therefore, increasing October Eurasian snow cover 
may have contributed to the recent tendency towards a negative 
NAO/AO and cold Northern Hemisphere winters37. However, given 
that the NAO/AO has considerable internal variability on multi-
ple timescales, the recent negative trend may be predominantly 
internally driven.
The strong decline in sea ice during recent decades has intensi-
fied interest in the interactions between sea-ice conditions and the 
atmosphere47,60. Most sea-ice–atmosphere coupled studies have dis-
cussed the atmospheric response in the context of NAO/AO vari-
ability. Observational analyses have shown significant correlation 
between reduced Arctic sea-ice cover and the negative phase of the 
winter NAO/AO35,37,61–64, although it is unclear whether late sum-
mer and early autumn35 or late autumn and early winter38 sea-ice 
anomalies are more skilful at predicting the winter weather patterns.
Modelling studies have also examined the NAO/AO response to 
variations in Arctic sea ice35,65–74, by running simulations forced by 
past sea-ice trends or case studies of years with large sea-ice anoma-
lies. These studies have shown a full spectrum of NAO/AO responses 
to reduced sea ice, from shifts toward the positive phase68,71,73, the 
negative phase35,65,74 or no significant change73. 
Furthermore, attributing NAO/AO changes and associated shifts 
in storm tracks to Arctic forcing has proved very difficult. The simu-
lated atmospheric circulation response to sea-ice loss is sensitive to 
differences in model physics, background atmospheric and oceanic 
states, and the spatial patterns and magnitude of sea-ice anomalies. 
Additionally, it has proven difficult to separate forced change due to 
sea-ice loss from internal model variability. Large numbers of model 
runs or ensembles are likely required to achieve statistically signifi-
cant responses to forced sea-ice changes73. While these disparities 
between studies preclude definitive conclusions, two general results 
emerge. First, there are more studies that show a negative NAO/AO 
response than a positive NAO/AO response. Second, the simulated 
NAO/AO response to sea-ice loss is relatively small compared with 
natural variability. This is consistent with the view that changes 
in the NAO/AO are predominately internally driven and do not 
necessarily require remote forcing75. 
Jet stream
The second proposed dynamical pathway linking Arctic amplifi-
cation to increased weather extremes is through its effects on the 
behaviour of the polar jet stream. The difference in temperature 
between the Arctic and mid-latitudes is a fundamental driver of 
the polar jet stream; therefore, a reduced poleward temperature 
difference could result in a weaker zonal jet with larger meanders. 
A weaker and more meandering flow may cause weather systems 
to travel eastward more slowly and thus, all other things being 
equal, Arctic amplification could lead to more persistent weather 
patterns76. Furthermore, Arctic amplification causes the thick-
ness of atmospheric layers to increase more to the north, such 
that the peaks of atmospheric ridges may elongate northward and, 
thus, increase the north–south amplitude of the flow76. Weather 
extremes frequently occur when atmospheric circulation pat-
terns are persistent, which tends to occur with a strong meridional 
wind component77,78. 
Some aspects of this hypothesized linkage are supported by 
observations and model simulations. A significant decrease in 
zonal-mean zonal wind at 500  hPa during autumn is observed 
regionally76,79. This may be understood through the thermal wind 
relationship, which states that vertical wind shear is proportional 
to the meridional temperature gradient. Assuming that the winds 
do not increase at the surface, the zonal wind at the jet-stream level 
should slacken with a weaker meridional temperature gradient. In 
other seasons when Arctic amplification is weaker, no significant 
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Figure 4 | Schematic of ways to influence Northern Hemisphere mid-latitude weather. Three major dynamical features for changing Northern 
Hemisphere mid-latitude weather — changes in the storm tracks, the position and structure of the jet stream, and planetary wave activity — can be 
altered in several ways. The pathway on the left and highlighted by double boxes is reviewed in this manuscript. Arctic amplification directly (by changing 
the meridional temperature gradient) and/or indirectly (through feedbacks with changes in the cryosphere) alters tropospheric wave activity and the jet 
stream in the mid- and high latitudes. Two other causes of changes in the storm tracks, jet stream and wave activity that do not involve Arctic amplification 
are also presented: (1) natural modes of variability and (2) the direct influence of global climate change (that is, including influences outside the Arctic) 
on the general circulation. The last two causes together present the current null hypothesis in the state of the science against which the influence of Arctic 
amplification on mid-latitude weather is tested in both observational and modelling studies. Bidirectional arrows in the figure denote feedbacks (positive 
or negative) between adjacent elements. Stratospheric polar vortex is represented by ‘L’ with anticlockwise flow.
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However, challenges remain in linking Arctic amplification 
directly to changes in the speed and structure of the jet stream. For 
example, other factors besides the near-surface meridional temper-
ature gradient influence the zonal jet, including feedbacks from syn-
optic eddies or storms and the upper-level meridional temperature 
gradient. Indeed, although Arctic amplification has weakened 
the near-surface meridional temperature gradient, the tempera-
ture gradient between the tropics and mid-latitudes at higher alti-
tudes  has strengthened80, which would increase jet stream-level 
winds. Another challenge is identifying how much of the Arctic 
The different components of a generalized mid-latitude jet are 
illustrated in Fig. B1a. The proposed dynamical pathways linking 
Arctic amplification to increased weather extremes are through 
the highly nonlinear interaction between the jet stream, the 
planetary waves and the storm tracks (Fig.  4). The wintertime 
extratropical climate variability is affected by a complex set of 
interactions and feedbacks between components, such as natural 
variability modes, diabatic heating anomalies due to variations in 
sea ice and snow cover, and atmospheric and oceanic heat trans-
port from tropical and subtropical latitudes. However, recently it 
has been proposed that air–sea interaction in the Arctic could be 
forcing teleconnection patterns and influencing weather patterns 
remotely in the mid-latitudes by heating the Arctic relative to the 
rest of the globe36,76.
A change in the meridional temperature gradient, which pro-
jects onto the thermally driven component of the jet may or may 
not result in a significant change in the jet depending on how the 
eddy-driven part of the jet varies. Complex interactions between 
the mid-latitude wind jets, the planetary waves and baroclinic 
weather systems is a nonlinear two-way feedback process, where 
diabatic heating and cooling, orographic forcing and eddy wave 
breakings drive the jets and teleconnection patterns. The yellow 
arrow denotes the final influence, which is of synoptic variability 
(jet eddies) on mid-latitude weather. The dynamical mechanisms 
associated with each green arrow are as follows: 
A. The temperature gradient, in this definition, influences 
the thermally driven jet (black solid circle) via the thermal-wind 
balance (in combination with boundary conditions).
B. The temperature gradient influences the eddy-driven jet 
(black dashed circle) via changes in baroclinicity. The eddy-driven 
jet influences the temperature gradient via horizontal heat fluxes.
C. The eddy-driven jet affects stratospheric winds (black 
U shape) via vertical wave propagation. Stratospheric winds affect 
the eddy-driven jet by altering the vertical wave-guide.
D. The thermally driven jet affects stratospheric winds via gen-
eration of orographically forced waves. Stratospheric winds affect 
the thermally driven jet by altering the vertical wave guide.
E. The thermally driven jet affects the eddy-driven jet by act-
ing as a wave guide (the role of baroclinicity here directly associ-
ated with the temperature gradient). The eddy-driven jet affects the 
thermally driven jet via energy fluxes.
As can be seen from the figure, there are many feedbacks and 
interactions involving mid-latitude jets, with the temperature gra-
dient being just one of them. Therefore a weakening in the tem-
perature gradient may or may not result in a slowing down of the 
jet depending on the net effect of other factors.
The North Atlantic Oscillation/Arctic Oscillation (NAO/AO) may 
be considered a paradigm for the debate within the climate commu-
nity. Shown in Fig. B1b are the changes in the atmospheric circulation 
associated with the negative phase of the NAO/AO. Positive (nega-
tive) zonal wind anomalies associated with the negative NAO/AO 
are superimposed on the jet shown by a green solid (dashed) line. 
Also shown are the temperature changes with warmer temperatures 
in the Arctic (red) and colder temperatures in the mid-latitudes 
(blue), increased high-latitude blocking (represented by clockwise 
flow around a high) and a southward shift in the storm tracks (repre-
sented by a anticlockwise flow around a low), and increased meridi-
onal flow. All these dynamical changes are observed as the NAO/AO 
shifts from its positive phase to the negative phase. However, external 
forcing, such as a reduced thermal gradient due to Arctic amplifica-
tion, will project onto these dynamical patterns associated with the 
negative NAO/AO: an equatorward shift in the zonal jet, increased 
meridional flow, high-latitude blocking and a southward shift in 
storm tracks. The yellow broken arrow denotes uncertainty whether 
a change in the meridional temperature gradient can force all the 
other changes depicted in the figure. Attributing observed changes 
in mid-latitude weather to either Arctic amplification or internal 
variability has proven challenging to date.
Box 1 | Jet-related dynamics.
Figure B1 | Schematic view of jet-related and negative North Atlantic Oscillation/Arctic Oscillation dynamics. a, Here, the tropospheric jet is divided 
into two parts, a thermally driven part and an eddy-driven part. b, Changes in the atmospheric circulation associated with the negative phase of the 
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amplification is driven by local changes compared with remote 
changes16. This distinction is highly relevant to the current debate 
on possible Arctic–mid-latitude linkages, because if a significant 
portion of Arctic amplification is driven remotely, then Arctic 
amplification may be partly viewed as a response to rather than a 
forcing of mid-latitude weather. This highlights the importance of 
As a summary of the studies presented, in Fig. B2 we synthesize 
some common ideas about the atmospheric response to sea-ice 
and snow cover variability that have until now been treated inde-
pendently. All sea-ice studies agree that sea-ice loss heats and mois-
tens the boundary layer of the Arctic atmosphere. It has also been 
shown that a surface heat source in the extratropics induces down-
ward descent of air over the heat source, warming the atmospheric 
column and raising heights in the mid-troposphere, while a trough 
develops downstream inducing an equatorward flow of cold air97. 
This is consistent with the result that reduced sea ice favours an 
increase in mid- tropospheric heights in the Barents and Kara seas 
region in winter51,88,92 with downstream troughing over Eurasia. 
Studies also agree that increased snow cover cools the boundary 
layer54. Therefore a snow-induced surface cooling can lower heights 
in the mid-troposphere, inducing enhanced ridging upstream.
In September and October, sea-ice loss has been most pro-
nounced in the Chukchi and East Siberian seas. Warming of the 
atmosphere due to increased heating from newly ice-free ocean 
causes geopotential heights to increase in the mid-troposphere, 
which suppresses the jet stream southward over east Siberia. This 
pattern, referred to as the Arctic Dipole, has strengthened during 
the era of sea-ice loss61. A southward shift in the storm tracks over 
East Asia allows for a more rapid advance of Eurasian snow cover 
in October. Enlarged areas of open water north of Siberia also pro-
vide increased moisture flux to the atmosphere, which precipitates 
as snow as the air mass is advected southward over Siberia58,71 (left 
globe in Fig. B2).
In October, a more extensive snow cover cools the surface lead-
ing to lower heights and a trough in the mid-troposphere. Increased 
troughing over East Asia favours upstream ridging near the Barents 
and Kara seas and the Urals. Concurrently, the large sea-ice deficits 
and the associated strong surface heating anomalies migrate from 
the Chukchi and East Siberian seas in September and October to 
the Barents and Kara seas in November and December. This favours 
mid-tropospheric ridging in the Barents and Kara seas region with 
downstream troughing over East Asia. Therefore, the extensive 
snow cover over Siberia in October and November and the sea-ice 
loss over the Barents and Kara seas in November and December 
produce same-signed mid-tropospheric geopotential height pat-
terns over Eurasia. This planetary wave configuration is favour-
able for increased vertical propagation of Rossby waves from the 
troposphere into the stratosphere98–100 (middle globe in Fig. B2).
Increased vertical propagation of Rossby wave energy from the 
troposphere to the stratosphere weakens the polar vortex, resulting 
in a stratospheric warming event. Circulation anomalies associated 
with the warming event appear first in the stratosphere and subse-
quently appear in the troposphere in January and February. These 
circulation anomalies resemble those associated with the negative 
phase of the NAO/AO; that is, ridging over the Arctic especially near 
Greenland, and a weaker, equatorward-shifted polar jet stream. As 
a result, warmer conditions prevail in the Arctic regions, but colder 
and more severe winter weather occurs across the mid-latitude con-
tinents with a greater likelihood of snowstorms in the population 
centres of the Northern Hemisphere mid-latitudes (right globe in 
Fig. B2).
We propose a chain of events where less sea ice and increased 
open water in the Arctic (that heats the atmosphere) and more 
snow cover (that cools the atmosphere) both force the same pat-
tern, which results in a weakened polar vortex. Because the heat-
ing anomalies are displaced longitudinally, extensive Eurasian snow 
cover and reduced Arctic sea ice can constructively interfere to 
weaken the polar vortex and hence influence surface weather.
Box 2 | Synthesis of cryospheric forcings.
Figure B2 | Synthesis of proposed cryospheric forcings. The schematic highlights a proposed way in which Arctic sea-ice loss in late summer through 
early winter may work in concert with extensive Eurasian snow cover in the autumn to force the negative phase of the NAO/AO in winter. Snow is shown 
in white, sea ice in white tinged with blue, sea-ice melt with blue waves, high and low geopotential heights with red ’H’ (red represents anomalous 
warmth) and blue ’L’ (blue represents anomalous cold) respectively, tropospheric jet stream in light blue with arrows, and stratospheric jet or polar 
vortex shown in purple with arrows. On the right globe, cold (warm) surface temperature anomalies associated with the negative phase of the winter 
NAO/AO are shown in blue (brown). See Box text for detailed explanation.
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considering the many ways in which mid-latitude jets are influ-
enced, including the meridional temperature gradient, which are 
shown schematically in Fig. B1 in Box 1.
Observational support for the follow-on impacts of the hypoth-
esis related to a weakening zonal component of the jet76 is even 
less strong — namely, whether Arctic amplification leads to larger 
amplitude waves, slower wave propagation speeds and more per-
sistent weather patterns. Statistically robust evidence of increasing 
north–south wave amplitude and slower propagation speed has not 
been established79,81. This is not surprising given the recent emer-
gence of Arctic amplification and the large natural variability of the 
atmosphere. Recent studies provide tentative evidence for increas-
ing amplitude in summer and autumn for some definitions of wave 
amplitude, but not for others81. A significant reduction in 500 hPa 
wave speeds during autumn was reported79, but the response was 
not apparent in higher-level winds. The frequency of blocking-
high patterns is metric, region and time dependent, but as a whole 
the observations do not support a significant increase in blocking 
occurrence over recent decades82.
The theory that Arctic amplification is resulting in a slower zonal 
jet, increased meridional flow, amplified waves and more persistent 
extreme weather has received a lot of attention from the media, 
policymakers and climate sceintists83. In part due to the high profile, 
this hypothesis has been scrutinized in the scientific literature more 
extensively than other hypotheses linking Arctic climate change to 
mid-latitude weather. However, it is worth noting that other stud-
ies on related topics, especially other observational studies, share 
some of the same shortcomings35,37,38,61–64 (lack of statistical signifi-
cance, causality unclear, incomplete mechanistic understanding, 
and so on).
Planetary waves
Modification to large-scale Rossby waves over Eurasia is the third 
proposed dynamical pathway linking Arctic amplification to mid-
latitude weather. Both observational analyses and modelling experi-
ments link more extensive snow cover across Eurasia, especially in 
October, to changes in wave structure at high latitudes. Extensive 
snow cover may lead to larger planetary waves that increase the ver-
tical propagation of wave energy into the stratosphere, favouring a 
warmer and weakened stratospheric polar vortex84–87. It is proposed 
that the atmospheric response lags the snow cover changes by a few 
months because of the response time of the stratospheric circulation 
and subsequent feedback to the troposphere. 
Observed reductions in autumn–winter Arctic sea ice, especially 
in the Barents and Kara seas, are also correlated with strengthened 
anticyclonic circulation anomalies over the Arctic Ocean, which 
tend to induce easterly flow and cold air advection over northern 
Europe38,88–90, a link that may be sensitive to the timing of the sea-
ice anomalies. Winter anomalies trigger an immediate, local and 
direct atmospheric response forced by increased turbulent heat 
fluxes locally over the Barents and Kara seas, which in turn changes 
the baroclinicity and affects large-scale planetary or Rossby waves 
in the atmosphere. Alternatively autumn sea-ice anomalies may 
force a delayed, remote and indirect atmospheric response through 
increased Eurasian snow cover46 or through altered baroclinicity 
and high pressure over the Barents and Kara seas that force upward 
propagating planetary waves into the stratosphere. Sufficient wave 
breaking in the polar stratosphere weakens the stratospheric polar 
vortex and can trigger a stratospheric warming event. The circula-
tion anomalies associated with a stratospheric warming event prop-
agate back down to the surface in subsequent weeks, contributing to 
a persistent negative NAO/AO and cold continental conditions90,91. 
Several modelling studies have used prescribed Barents and 
Kara sea-ice reductions to examine how the atmosphere responds. 
Horizontal downstream propagation of the energy away from 
anomalous, sea-ice-induced high pressure over the Barents and 
Kara seas leads to the formation of a trough over Eurasia and sub-
sequent cold continental temperatures92. Such model experiments 
have thus far only included the impact of sea-ice changes and not 
the full extent of Arctic amplification.
The proposed response of planetary waves to reductions in both 
snow cover and sea ice has inherent shortcomings. Free-running 
(that is, without prescribed forcing) climate models do not simulate 
well observations of the amplitude or the timing of wave changes to 
more extensive snow cover86, resulting in a simulated weak relation-
ship found between October Eurasian snow cover and the winter 
NAO/AO93. Regarding the response to sea-ice loss, caution is urged, 
because strong trends in the sea-ice extent have made analyses 
of the co-variability between sea ice and the atmosphere difficult 
to interpret46. Furthermore the proposed atmospheric response 
to sea-ice forcing is not robust and has yet to achieve statistical 
significance46, in part due to the shortness of the data record.
To conclude, variability in both sea ice and snow cover have been 
hypothesized to independently force anomalously high geopotential 
heights in the Barents and Kara seas. In Fig. B2 in Box 2, we pro-
vide a complementary perspective by proposing a synthesis of how 
extensive snow cover and reduced sea ice in the autumn and early 
winter can force local changes that constructively interfere to force 
the same response in the planetary waves, which could influence 
winter weather patterns. 
Synthesis of Arctic and mid-latitude linkages
Dramatic changes are occurring in the Arctic climate system, and 
at the same time, the frequency of mid-latitude extreme weather 
events appears to have increased. The potential link between Arctic 
amplification and changes in extreme weather is a critical one, espe-
cially as Arctic amplification is robustly predicted to continue over 
the coming decades. The climate dynamics literature concerning 
Arctic–mid-latitude linkages is currently inconclusive, which may 
help explain the media portrayal of a polarized view among scien-
tists81. Furthermore, the severe winter of 2013–2014 across eastern 
North America focused the debate of whether extreme cold events 
are attributable to climate change, including Arctic amplification, or 
natural variability43,44. Cold winters such as the one experienced in 
2013–2014 have occurred before and are expected as part of normal 
weather variability even on a warmer planet94. Preliminary evidence 
for a link between Arctic amplification and continental weather has 
been presented, along with a range of dynamical hypotheses for 
such a link. However, evidence demonstrating no robust statistical 
or dynamical link between Arctic amplification and mid-latitude 
climate variability has also been presented.
Nevertheless, dramatic changes to high-latitude sea ice and snow 
cover have occurred, along with profound impacts at least locally in 
the Arctic. The most robust atmospheric response to these changes 
is an altered near-surface climate in the Arctic region. There is 
consensus that sea-ice loss enhances local warming, which weak-
ens near-surface meridional temperature gradients, moistens the 
boundary layer and decreases the near-surface static stability. A 
growing body of observational, modelling and theoretical evidence 
suggests that the impact of high-latitude surface heating increases 
upper-level geopotential heights, which affects the large-scale 
atmospheric circulation beyond the Arctic.
To the first order, amplified warming in the Arctic and a decrease 
in the meridional temperature gradient should favour a weaker 
zonal jet. However, whether weaker upper-level zonal winds causes 
amplified and slower-moving planetary waves remains unclear. 
Further evidence from modelling studies suggests that cryospheric 
anomalies can alter the stratospheric polar vortex, storm tracks and 
jet stream — all of which are key drivers of mid-latitude weather 
and extremes. These changes appear to be more likely in winter than 
other seasons owing to the large Arctic amplification signal and 
divergence of winter temperature trends from the other seasons. 
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The link between reduced Arctic sea ice and cold continental win-
ters is currently the most studied and arguably the best- supported 
link between Arctic amplification and mid-latitude extreme 
weather patterns. 
Based on the research conducted to date, we offer a brief perspec-
tive on the challenges and research opportunities in the near future 
(a more detailed list is included in the Supplementary Information). 
Understanding the relative importance of different forcings mecha-
nisms, and how they interact with internally generated variability, 
remains a key challenge. More and better observations (for example, 
of ocean–ice–atmosphere energy exchange, cloud cover and tropo-
sphere–stratosphere coupling) would not only improve our under-
standing of the Arctic and its climate, but also help to elucidate 
the mechanisms of atmospheric response to Arctic amplification 
and better constrain the models. Better standardization of metrics 
(extremes, blocking, wave amplitude, and so on) and coordination 
of modelling experiments would allow results to be more directly 
compared and the current disparities to be better understood. 
Finally, testing hypotheses in a hierarchy of models of increasing 
complexity, from simple dynamical models to state-of-the-art Earth 
system models, would help to further our understanding and better 
equip us to untangle the complexity of Arctic–mid-latitude linkages.
Methods
For Fig. 1, we used the monthly mean fields from the ERA-Interim reanalysis95 to 
compute seasonal means for the period March 1979 to February 2014. These data 
were averaged around circles of latitude (at 1.5° resolution). Standard seasonal 
means were computed and used. We estimated trends using least-squares linear 
regression. The statistical significances of the regressions were calculated from a 
two-tailed t-test.
Surface temperature anomalies for Fig. 2 were taken from the NASA Goddard 
Institute for Space Studies temperature record96. The decadal linear trends in sur-
face air temperature anomalies in Fig. 2a are based on a least-squares regression 
of the December–February (DJF) mean of monthly mean temperature anomalies 
from 1960–1961 to 2013–2014. The corresponding time series of DJF temperatures 
anomalies (Fig. 2b) was constructed by weighting the anomalies by the cosine of 
latitude. The same convention is used for Fig. 2c except that the linear trends were 
calculated based on DJF values during the period 1990–1991 to 2013–2014.
Figure 3a–f was created using the GHCNDEX global land gridded dataset of 
climate extremes32 available at www.climdex.org. The online data-visualization tool 
was used to create linear trend maps and time series (over the period 1951–2014) 
for different extreme indices provided in the GHCNDEX global land gridded 
dataset. Time series are area-weighted averages of land regions within the latitu-
dinal belt from 20° to 50° N. Figure 3g,h shows the percentage of land in the mid-
latitudes with unusually warm summer months or unusually cold winter months30. 
For this, we used monthly gridded data from the NASA  Goddard Institute for 
Space Studies surface temperature dataset with a base period of 1951–1980. First, 
we determined the local standard deviation due to natural variability at each grid 
point in the latitudinal belt from 20° to 50° N for each calendar month of the boreal 
winter (December–January–February) and boreal summer (June–July–August) 
seasons. To do so, we applied a singular spectrum analysis to extract the long-term 
(periods of 30 years or greater) nonlinear trend over the twentieth century. Next, 
we detrended the original time series by subtracting the long-term trend, which 
gives the year-to-year variability. From this detrended signal, monthly standard 
deviations were calculated using the 1951–2010 period, which were then seasonally 
averaged. For boreal summer, we determined the percentage of land with tempera-
tures warmer than one and two standard deviations beyond the mean (Fig. 3g). For 
boreal winter, we determined the percentage of land with temperatures colder than 
one and two standard deviations below the mean (Fig. 3h).
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